This study examined the role of oxidative stress in neurotoxic effects of cadmium chloride (Cd) in rat primary mid-brain neuron-glia cultures. Cd accumulated in neuron-glia cultures and produced cytotoxicity in a dose-dependent manner, with IC 50 of 2.5mM 24 h after exposure. H-dopamine uptake into neuron-glia cultures was decreased 7 days after Cd exposure, with IC 50 of 0.9mM, indicative of the sensitivity of dopaminergic neurons to Cd toxicity. To investigate the role of microglia in Cd-induced toxicity to neurons, microglia-enriched cultures were prepared. Cd significantly increased intracellular reactive oxygen species production in microglia-enriched cultures, as evidenced by threefold increases in 2#,7#-dichlorofluorescein signals. Using 5,5-dimethyl-1-pyrroline N-oxide as a spin-trapping agent, Cd increased electron spin resonance signals by 3.5-fold in microgliaenriched cultures. Cd-induced oxidative stress to microglia-enriched cultures was further evidenced by activation of redox-sensitive transcription factor nuclear factor kappa B and activator protein-1 (AP-1), and the increased expression of oxidative stress-related genes, such as metallothionein, heme oxygenase-1, glutathione Stransferase pi, and metal transport protein-1, as determined by gelshift assays and real-time reverse transcription-PCR, respectively, in microglia-enriched cultures. In conclusion, Cd is toxic to neuronglia cultures, and the oxidative stress from microglia may play important roles in Cd-induced damage to dopaminergic neurons.
Cadmium (Cd) is a toxic heavy metal in the environment. Cd is a highly accumulative toxicant with very long biological half-life (Friberg et al., 1986) . Cd is not biodegradable and its levels in the environment are increasing due to industrial activities and human exposures to Cd are inevitable (Friberg et al., 1986; Goering et al., 1995) . Acute Cd exposure produced toxicities to the lung, liver, testes, and brain, while chronic exposure to Cd often leads to renal dysfunction, anemia, osteoporosis, and bone fractures (Friberg et al., 1986; Goering et al., 1995; Klaassen et al., 1999) . Cd is a potent carcinogen in a number of tissues of rodents and classified as a human carcinogen (Waalkes, 2003) .
The neurotoxic effects of Cd have been reported in neonatal mouse brain (Webster and Valois, 1981) and young rat brain (Wong and Klaassen, 1982) . Cd produces oxidative damage to isolated rat optic nerve (Fern et al., 1996) and cultured rat cortical neurons (Lopez et al., 2003) . In humans, occupational exposure to Cd is associated with neuropsychological disorders (Hart et al., 1989) , and Cd exposure is reported to be a cause of amyotrophic lateral sclerosis (Bar-Sela et al., 2001) . Cd is shown to selectively damage striatum (O'Callaghan and Miller, 1986) , and Parkinsonism has been reported in a 64-year-old man exposed to Cd at a high dose (Okuda et al., 1997) . Thus, accumulating evidence clearly indicates that Cd is neurotoxic in a number of settings.
The mechanisms involved in neurotoxicity of Cd are poorly understood. Oxidative stress has been proposed as a mechanism for Cd toxicity in a number of tissues such as the kidney (Bagchi et al., 1997) , liver (Liu et al., 2002) , and brain (Kumar et al., 1996) . However, little is known about the neurotoxic effects of Cd to dopaminergic neurons, and little is known about the role of microglia in Cd-induced radical generation and oxidative stress in the brain. To fill these gaps would be helpful in understanding of Cd neurotoxicity and would be useful in setting appropriate measures to prevent and/or reduce Cd toxicity.
Thus, the present study was undertaken to examine Cd-induced neurotoxicity using rat primary neuron-glia cultures, which has been proven to be a good model to elucidate the role of oxidative stress from microglia in dopaminergic neuron damages from environmental neurotoxicants (Block et al., 2007; Liu and Hong 2003) . Thus, the effects of Cd on mitochondrial and dopaminergic neuron functions in neuron-glia cultures were evaluated via the MTT assay and 3 H-dopamine uptake, respectively. To define Cd-induced free radical generation, 5,5-dimethyl-1-pyrroline N-oxide (DMPO) was used as a free radical trapping agent, followed by electron spin resonance (ESR) detection, and 2#,7#-dichlorofluoresin was used for intracellular ROS levels. The redox-sensitive transcription factors nuclear factor kappa B (NF-jB) and activator protein-1 (AP-1), as well as oxidative stress-related gene expression were also examined to define the role of oxidative stress from microglia in Cd toxicity to dopaminergic cultures. The results demonstrated that Cd is toxic to dopaminergic neurons, probably through oxidative stress produced by activated microglia.
MATERIALS AND METHODS

Chemicals and Reagents
Cadmium chloride (CdCl 2, Cd) was purchased from Sigma Chemical Co. (St Louis, MO, USA).
3 H-dopamine (30 Ci/mmol) and c 32 P-adenosine triphosphate (ATP) (3000 Ci/mmol) were purchased from PerkinElmer Life Sciences (Boston, MA). DMPO was purchased from Alexis Biochemicals (San Diego, CA), purified by double distillation, stored under N 2 atmosphere at ÿ80°C before use.
Primary Rat Mesencephalic Neuron-glia Cultures
Primary rat mid-brain neuron-glia cultures were prepared following the published protocol (Liu and Hong, 2003; Liu et al., 2000) . Briefly, the ventral mesencephalic tissues of brain from Fisher 344 rat fetus at the gestation day 14 were removed and dissociated by a mechanical triturating. The isolated cells were seeded at 5 3 10 5 /well to 24-well culture plates or 1.0 3 10 5 /well to 96-well culture plates precoated with poly-D-lysine (20 lg/ml), and maintained at 37°C in a humidified atmosphere of 5% CO 2 and 95% air in minimum essential medium containing 10% fetal bovine serum (FBS) and 10% horse serum, 1 g/l glucose, 2mM L-glutamine, 1mM sodium pyruvate, 100lM nonessential amino acids, 50 U/ml penicillin, and 50 lg/ml streptomycin. Fresh medium was added to each well 3 days later. Seven-day-old cultures were used for treatment. Immunocytochemical (ICC) analysis indicated that the cultures were made up of~11% microglia, 48% astroglia, and 40% neurons, of which 1-2% were tyrosine hydroxylase-immunoreactive (dopaminergic neurons) (Liu et al., 2000; Yang et al., 2006) .
Primary Microglia-Enriched Cultures
Microglia-enriched cultures were prepared from the whole brains of 1-or 2-day-old Fisher 344 rats, as described previously (Liu and Hong, 2003) . Briefly, brain tissues, devoid of meninges and blood vessels, were dissociated by a mechanical trituration. The isolated cells (5 3 10 7 ) were seeded in 175-cm 2 culture flasks in Dulbecco's modified Eagle medium/F12 containing 10% FBS, 2mM L-glutamine, 1mM sodium pyruvate, 100lM nonessential amino acids, 50 U/ml penicillin, and 50 lg/ml streptomycin. Cultures were maintained at 37°C in a humidified atmosphere of 5% CO 2 and 95% air. Fresh medium was changed 3 days later. When reaching confluence (10-14 days), microglia were separated from astroglia by shaking the flasks for 1 h. Purity of the microglia-enriched cultures was > 98%, as determined by ICC staining (Yang et al., 2006) .
Assessment of Cd Toxicity to Neuron-glia Cultures
MTT assay. The rat primary neuron-glia cultures were seeded in 96-well plates at 1 3 10 5 cells/per well, and treated with various concentrations of Cd for 24 h. Cell viability was assessed by colorimetric measurement of the reduction product of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT). Cells were incubated for 4 h at 37°C in the presence of MTT (0.5 mg/ml in phosphate buffered saline [PBS] ), and culture medium was removed, 100 ll of DMSO was added to dissolve the formazan. Reduced MTT was measured on a microplate reader (Molecular Devices, Palo Alto, CA) at 570 nm. Values were expressed as percentage of controls.
3
H-dopamine uptake. Degeneration of dopaminergic neurons was assessed by measuring the ability of cultures to take up 3 H-dopamine (Liu et al., 2003b) . Briefly, The rat primary neuron-glia cultures were incubated continuously with Cd for 7 days, and then washed twice with warm Krebs-Ringer buffer (KRB, 16mM sodium phosphate, 119mM NaCl, 4.7mM KCl, 1.8mM CaCl 2 , 1.2mM MgSO 4 , 1.3mM ethylenediaminetetraacetic acid [EDTA], and 5.6mM glucose; pH 7.4). Cultures were then incubated for 20 min at 37°C with 1lM 3 H-dopamine in KRB. After washing cultures three times with ice-cold KRB, cells were then dissolved in 1N NaOH. Radioactivity was determined by liquid scintillation. Nonspecific DA uptake in the presence of mazindol (10lM) was subtracted. In our previous publications, the 3 H-dopamine uptake is paralleled well with the number of dopaminergic neurons (TH-immunoreactive cells) (Liu et al., 2000; Yang et al., 2006) 
Measurement of Cd Concentration in the Cells
Cd-treated rat primary neuron-glia cultures were washed three times with PBS and harvested in 1 ml of PBS. An aliquot of sonicated cell suspension was used for cellular protein assay, and the remaining cell suspension was digested in nitric acid at 70°C overnight, and diluted in distilled water. Cd concentration was determined by atomic absorption spectrometer (Pekin-Elmer, AAnalst 100, Norwalk, CT), and expressed as ng Cd/mg cellular protein.
Assay of Intracellular ROS
Intracellular ROS was assayed in Cd-treated rat primary microglia-enriched cultures by using 5-(and-6)-chloromethyl-2#,7#-dichlorodihydrofluorescein diacetate (CM-H2-DCFDA) (Molecular Probes, Eugene, OR). During reactions with cellular oxidizing species CM-H2-DCFDA is hydrolyzed to 2#,7#-dichlorofluorescein (DCF) yielding fluorescence. After washing cells twice with warm Hank's balanced salt solution, CM-H2-DCFDA was added to cultures in a final concentration of 1lM, and incubated for 30 min at 37°C (Liu et al., 2000) . The cells were then treated with Cd for 1 h at 37°C, and fluorescence intensity was measured at 485 nm for excitation and 530 nm for emission using a SpectraMax Gemini XS fluorescence microplate reader (Molecular Devices, Sunnyvale, CA).
Electron Spin Resonance
Enriched microglia cells were washed and suspended in PBS (5 3 10 5 /ml). Microglia cells were then treated with Cd and the spin-trapping agent DMPO (80mM), and immediately transferred into ESR flat cell inside cavity to measure radical formation up to 40 min, and ESR signals were analyzed on a Bruker ElexSys spectrometer at 9.76 GHz and room temperature. ESR settings were center filed 3484 G; sweep width 100 G; modulation frequency 100 kHz; modulation amplitude 1.0 G; microwave power 20 mW; receiver gain 1.6 3 10 5 ; time constant 0.6 s; and sweep time 671 s.
Gel-shift Assay
The gel-shift assay systems from Promega (Madison, WI) were used for NFjB and AP-1 analysis. Briefly, enriched microglia cells were homogenized in HEGD buffer (25mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 1.5mM EDTA, 10% glycerol, 1mM dithiotreitol, 0.5mM phenylmethylsulfonyl fluoride, and 13 protease inhibitor cocktail (CalBiochem, La Jolla, CA), centrifuged at 12,000 3 g for 10 min at 4°C, and washed two times. Nuclear proteins were extracted by incubation with 50 ll of HEGD buffer containing 0.5M KCl on ice for 1 h, followed by centrifugation at 12,000 3 g for 15 min and supernatant was stored at ÿ80°C prior to use. The AP-1 and NF-jB oligonucleotide probe were labeled with c 32 P-ATP and T4 polynucleotide kinase. Nuclear protein (10 lg) was incubated with gel-shift binding buffer and labeled probe for 20 min and electrophoresed on Novex 6% DNA retardation MICROGLIA IN CD NEUROTOXICITY 489 gel in 0.53 Tris-Borate-EDTA buffer at 300 V. Gels were then dried for autoradiography. The negative controls were used to verify the specificity as indicated in our previous publications (Liu et al., 2002; Qu et al., 2005) .
Real-Time RT-PCR
Total RNA was isolated from Cd-treated enriched microglia cells with Trizol and purified with RNeasy kit (Qiagen, Valencia, CA). RNA was reverse transcribed with MuLV reverse transcriptase and oligo-dT primers. The primers for selected genes were designed using Primer Express software (Applied Biosystems, Foster City, CA). The SYBR green Master Mix (Applied Biosystems) was used for real-time PCR analysis. The Ct values for interested genes were first normalized with that of b-actin in the same sample, and expressed as percentage of controls.
Data Analysis
Means ± SEM of three determinations were calculated. The data were analyzed by analysis of variance, followed by Duncan's test for multiple comparisons. The significance level was set at p < 0.05.
RESULTS
Cd is Toxic to Rat Primary Neuron-Glia Cultures
The rat primary neuron-glia cultures contain both neurons and glial cells to mimic neuron-glia interactions in vivo (Liu et al., 2003) . As illustrated in Figure 1A , exposure of the primary neuron-glia cultures to Cd produced a concentrationdependent toxicity, as evidenced by mitochondrial integrity (MTT assay) 24 h after Cd exposure, with IC 50 of Cd 2.5lM. Cd-induced toxicity to cells paralleled the cellular Cd accumulation in a concentration-dependent manner (Fig. 1B) .
To identify the microglia-mediated toxicity of Cd to dopaminergic neurons, rat primary neuron-glia cultures were continuously exposed to low concentrations of Cd for 7 days (Liu and Hong, 2003) , and the ability of dopaminergic cells to take 3 H-dopamine was measured. Cd exposure produced a concentration-dependent reduction of 3 H-dopamine uptake into neuron-glia cultures at concentrations as low as 0.625lM, with IC 50 of 0.9lM, indicative of dopaminergic neurons degeneration (Fig. 2) . At concentrations higher than 1.25lM, 3 Hdopamine uptake capacity decreased by more than 80%.
Cd Induces Intracellular ROS Production
To define the role of oxidative stress from microglia in Cd-induced toxicity to dopaminergic neurons, intracellular reactive oxygen species (iROS) were measured by oxidizing CM-H2-DCFDA to DCF, and the intensity of fluorescence in the microglia-enriched cultures was measured. As shown in Figure 3 , Cd significantly increased DCF signals by threefold 1 h after exposure to Cd at 0.625 and 1.25lM. However, at higher concentration of 2.5lM, the DCF signals were only increased 1.5-fold, probably due to cytotoxicity of Cd to rat primary microglia-enriched cultures at this high concentration. However, the oxidation of DCF to ROS is subject to artifact under certain conditions (Bonini et al., 2006) . Thus, the more direct measure of Cd-induced free radical generation is needed to support this conclusion. Microglia-enriched cultures were treated with Cd (0.625lM) and the spin-trapping agent DMPO was used for ESR analysis. As shown in Figure 4 , Cd treatment increased DMPO-trapped radical signals 3.5-fold over DMPO alone controls at the 40-min time point (Chang et al., 2000 OH spectrum is derived from the trapping of superoxide anion or hydroxyl radical by DMPO (Chang et al., 2000) . It should also be noted that the free radical 
Cd Activates Redox-Sensitive Transcription Factors
The transcription factors NF-jB and AP-1 are known to be sensitive to oxidative stress and acute Cd exposure has been shown to activate these transcription factors in various settings (Hart et al., 1999; Liu et al., 2002; Qu et al., 2005) . Thus, the ability of Cd to activate these redox-sensitive transcription factors was examined 6 h in rat primary microglia-enriched cultures after Cd exposure. Clearly, Cd treatment dramatically increased NF-jB binding to the DNA (Fig. 5) . Similarly, the activation of AP-1 by Cd was also dramatically increased (Fig. 5) . The AP-1 activation at higher Cd concentration was less than at the lower concentration, probably due to the death of microglia cells at the higher Cd concentration. Thus, Cd treatment activated redox-sensitive transcription factor NF-jB and AP-1.
Cd Induces Oxidative Stress-Related Gene Expression
Cd-induced oxidative stress-related gene expression in rat primary microglia-enriched cultures was further examined by real-time RT-PCR (Fig. 6) , which usually peaked at 12-24 h. Heme oxygenase-1 (HO-1) is a hallmark of cellular oxidative stress (Applegate et al., 1991) , and was increased dosedependently by Cd up to sixfold; metallothionein-1 (MT-1), a protein inducible by oxidative stress (Bauman et al., 1991) FIG. 2. Toxicity of Cd to dopaminergic neurons in rat primary neuron-glia cultures 7-day posttreatment using 3 H-dopamine uptake assay. The data are mean ± SEM from three independent experiments. *p < 0.05, compared to control.
FIG. 3.
Effect of Cd on intracellular ROS generation in rat primary microglia-enriched cultures 2-h posttreatment. The data are mean ± SEM from three independent experiments. *p < 0.05, compared to control. and Cd (Klaassen et al., 1999) , was increased in a concentrationdependent manner up to 60-fold; the expression of glutathione S-transferase pi (GST-pi) was increased concentration dependently up to 2.7-fold, which acts as antioxidants and cellular transporters. The expression of the metal transport protein-1 (MTP-1) was increased up to 4.5-fold. The enhanced expression of these genes could be envisioned as important cellular mechanisms in response to Cd-induced oxidative stress.
DISCUSSION
The present study clearly demonstrated that Cd is toxic to rat primary neuron-glia cultures, with IC 50 of 2.5lM at 24 h by the MTT assay. Cd is also more toxic to dopaminergic neurons with IC 50 of 0.9lM 7 days after Cd exposure, as evidenced by decreases in 3 H-dopamine uptake. Neurotoxic effects of Cd have been observed in various brain cell cultures, including rat cortical neurons in culture (Lopez et al., 2003) , isolated rat optic nerve preparation (Fern et al., 1996) , anterior pituitary cells (Poliandri et al., 2004) , the dissociated mesencephalic trigeminal neurons from adult rats (Yoshida, 2001) , and glioma and neuron blastoma cells (Huang et al., 1993) . The present study adds to our understanding of Cd neurotoxicity in cultured brain cells by demonstrating the involvement of oxidative stress from activated microglia in Cd toxicity to neurons, at least to dopaminergic neurons. Oxidative stress from activated microglia is evidenced by increased DMPO-trapped ESR signals and intracellular ROS levels, as well as by the activation of redox-sensitive NF-jB and AP-1, and the increased expression of oxidative stress-related gene expression. Thus, oxidative stress from activated microglia could play important roles in Cd toxicity to dopaminergic neurons.
Parkinson's disease is a neurodegenerative disorder that progresses over years affecting prominently the dopaminergic neurons of the substantia nigra pars compacta. It is characterized by the loss of the nigrostriatal ascending dopaminergic pathway, which results in symptoms of motor dysfunction such as rigidity tremors, difficult in movements, and loss of balance. Brain dopamine levels are decreased following Cd exposure in rodents (Pillai et al., 2003) , and rat brain dopamine secretion pattern can be altered by Cd (Lafuente et al., 2005) . The uptake of dopamine into rat brain synaptosomes can also be inhibited by Cd (Rajanna et al., 1990) , and in the present study a dramatic decrease in 3 H-dopamine uptake into neuron-glia cultures is evident 7 days after continuous exposure to low doses of Cd. Taken together, Cd exposure clearly represents a potential risk for Parkinson's disease (O'Callaghan and Miller, 1986; Okuda et al., 1997) .
Activated microglia is present in the vicinity of degenerating neurons in the substantia nigra, and is likely a major contribution factor in Parkinsonism (Block et al., 2007; Langston et al., 1999; Liu et al., 2003) . Dopaminergic neurons in the substantia nigra are relatively deficient in oxidative defenses (Yoo et al., 2003) , rendering it more susceptible to ROSinduced damage. Several studies have proposed the overproduction of ROS as a mechanism for Cd neurotoxicity (Kumar et al., 1996) , similar to Cd-induced ROS damage in the liver FIG. 6 . Effect of Cd on the expression of HO-1, MT-1, GST-pi, and MTP-1 in rat primary microglia-enriched cultures 24-h posttreatment using real-time RT-PCR. The data are expressed as mean ± SEM of three independent experiments. *p < 0.05, compared to control. 492 YANG ET AL. (Liu et al., 2002) . Excessive production of ROS may overwhelm normal protective mechanisms, leading to selective toxicity to dopamine neurons (Yoo et al., 2003) . In the present study, Cd-induced oxidative stress from microglia-enriched cultures was initially demonstrated by marked increases in DCF fluorescence, which has been proven to be a sensitive measure on endotoxin-induced intracellular ROS production (Liu and Hong, 2003) . Cd-induced radicals were further evidenced by 3.5-fold increases in DMPO-trapped radical adduct ESR signals in microglia-enriched cultures. DMPO is a sensitive spin-trapping agents to detect radical generation in microglia-enriched cultures (Chang et al., 2000) , and the free radicals generated by activated macroglia are likely superoxide anion (Chang et al., 2000; Liu et al., 2003) . Superoxide anion radical is also observed from POBN-or PBN-trapped radicals following Cd administrated in vivo (Liu et al., 2002) and in Cdtreated J774A macrophages (Hassoun and Stohs, 1996) . Nonetheless, the spin-trapping experiment provides clear evidence that Cd is able to produce free radicals in rat primary microgliaenriched cultures, which in turn could produce oxidative damage to neurons, especially to dopaminergic neurons.
To further support the microglia activation and the ROSmediated mechanism of Cd toxicity in neuron-glia cultures, the activation of redox-sensitive transcription factors such as NFjB and AP-1 was examined. Consistent with the literature (Hart et al., 1999; Liu et al., 2002; Qu et al., 2005) , both NF-jB and AP-1 were clearly activated by Cd in rat primary microglia-enriched cultures, indicating that Cd-induced radical production in microglia-enriched cultures can further activate the redox-sensitive transcription factors such as NF-jB and AP-1, which in turn leads to overexpression of oxidative stress-related genes.
Induction of HO-1 has been proposed as a general response to oxidative stress in mammalian cells (Applegate et al., 1991) , and Cd-induction of HO-1 is used as a biomarker for oxidative stress (Ossola and Tomaro, 1995) . In this study HO-1 was increased sixfold, fortifying the oxidative mechanism of Cd toxicity. Similar to HO-1, induction of MT-1 is also an important cellular response to oxidative stress (Bauman et al., 1991; Klaassen et al., 1999) , and dramatic induction of MT-1 observed in this study could imply that oxidative stress occurred after Cd treatment. MT-1 and HO-1 induction are important cellular defense mechanisms against Cd-induced oxidative stress in the brain. Induction of GST-pi has also been implicated in Cd-induced oxidative stress in the lung cells (Hart et al., 1999; Shukla et al., 2000) , and increases in GSTs not only play a role in cellular antioxidant machinery, but also play a role in cellular transport system for Cd efflux. In support of this role, the MTP-1 was also dramatically induced in rat primary microglia-enriched cultures. The induction of these oxidative stress-related genes could play an integrated role in protecting against Cd-induced oxidative damage to neurons.
Cd-induced oxidative stress in neuron-glia cultures could be mediated by several cellular mechanisms. The activated microglia can release proinflammatory mediators to trigger oxidative stress (Block et al., 2007; Liu et al., 2003) . Indeed, Cd-induced radical induction in the liver could be suppressed by inactivation of Kupffer cells by gadolinium chloride (Liu et al., unpublished data) . The dramatic increase in MTP-1 observed in this study could facilitate iron transport into cells. Iron has been implicated in Cd-induced radical production in the liver, and the iron chelator deferral abolished Cd-induced radical production (Liu et al., submitted) . The dramatic induction of MT observed in this study could sequester Cd and render it toxicologically inert (Klaassen et al., 1999) , but interaction of MT with Cd may also produce hydroxyl radicals (O'Brien and Salacinski, 1998) . Cd is shown to inhibit the electron transfer chain in the brain mitochondria, resulting in accumulation of semiquinones, which are unstable and prone to transfer one electron to molecular oxygen to form superoxide (Wang et al., 2004) . Thus, multiple mechanisms are associated with Cdinduced oxidative stress in the brain, and they are not mutually exclusive.
In summary, this study clearly demonstrated that oxidative stress produced from microglia is involved in Cd toxicity to dopaminergic neurons, as evidenced by DMPO-radical adducts, the production of intracellular ROS, the activation of redox-sensitive transcription factor NF-jB and AP-1, and by increased expression of oxidative stress responsive genes. Thus, microglia-mediated oxidative stress could play an important role in Cd-induced dopaminergic neuron damage and Parkinson's disease in humans.
